Abstract. The aim of this study was to compare the effectiveness of transient prehypertensive treatment with losartan compared with amlodipine in spontaneously hypertensive rats (SHRs) on long-term blood pressure (BP), cardiac and renal protection. SHRs were prehypertensively treated with losartan, amlodipine or saline. Rats were followed up until 46 weeks of age. The left ventricular (LV) geometry and function were assessed by echocardiography. Angiotensin II (Ang II) and aldosterone (Aldo) were measured by radioimmunoassay. Ang II type 1 (AT 1 R) and type 2 (AT 2 R) receptor protein expression was determined by western blotting. The systolic blood pressure (SBP) in losartan-treated SHRs (SHR-Los) was persistently reduced until 46 weeks of age, but returned to untreated SHR levels in amlodipine-treated SHRs (SHR-Aml) from 30 weeks onwards. Compared to untreated SHRs, the albuminuria excretion in SHR-Los at week 46 was markedly decreased, the plasma, myocardium and renal tissue Ang II and Aldo levels in SHR-Los at week 46 were markedly decreased; AT 1 R and TGF-β 1 protein expression was downregulated and AT 2 R protein was upregulated. Compared to untreated SHRs, the left ventricular mass index (LVMI) and collagen volume fraction (CVF) in SHR-Los were markedly decreased until week 46, and the left ventricular ejection fraction (LVEF) and cardiac brain natriuretic peptide mRNA expression were improved, whereas similar LVMI and elevated CVF were observed in SHR-Aml, and the LVEF decreased significantly below that of untreated SHRs at week 46, with cardiac BNP mRNA expression increasing slightly. Prehypertensive treatment with losartan was more effective than amlodipine on delaying long-term BP increase and ameliorating cardiac, renal structure and function, which may be related to the permanent attenuation of the circulating and local renin-angiotensin systems.
Introduction
Evidence has demonstrated that individuals with prehypertension are at an increased risk of developing hypertension and suffering cardiovascular events, poor cognitive performance, type 2 diabetes, as well as kidney damage (1) (2) (3) (4) (5) . Lifestyle modification is recommended as a basis for all subjects belonging to this blood pressure (BP) category by current guidelines for hypertension, and drug therapy is considered for individuals with hypertension concomitant with diabetes or kidney disease when a trial of lifestyle modification fails to reduce their BP to 130/80 mmHg or less (6) . However, poor adherence makes its implementation into clinical settings difficult and relatively ineffective. Recently published TROPHY and PHARAO trials demonstrated that prehypertensive treatment with a renin-angiotensin system (RAS) inhibitor over a relatively short time reduces the risk of incident hypertension and is well tolerated (7, 8) . In addition, studies using spontaneously hypertensive rats (SHRs) also indicate that early and transient treatment with an angiotensinconverting-enzyme inhibitor (ACEI), angiotensin-receptor blockers (ARB) or aldosterone (Aldo) antagonist attenuates the development of hypertension and exerts cardiovascular protective effects up to an advanced age (9) (10) (11) .
The aforementioned studies suggest that the reninangiotensin-Aldo system (RAAS) blockade may be a feasible and beneficial option for individuals with prehypertension, which raises the question whether the effects are restricted only to RAAS antagonists or whether they may also be extended to other forms of therapies, such as calcium channel blockers (CCBs). To our knowledge, this question remains unanswered.
CCBs are a heterogeneous class of drugs used in the treatment of coronary heart disease and hypertension. Amlodipine, a third-generation dihydropyridine CCB, is characterized by high vascular selectivity and relatively low negative inotropic effects. Previous studies involving animal models have proven that amlodipine is effective in preventing hypertension-related left ventricular hypertrophy (LVH) and dysfunction (12, 13) .
However, research concerned with its use in the prehypertensive stage remains limited.
In the present study, we aimed to compare the effectiveness of prehypertensive treatment with losartan compared with amlodipine in SHRs on long-term BP, renal and cardiac protection, and to investigate the underlying mechanism of their effects.
Materials and methods

Animals and pharmacological treatment.
A total of 72 four-week-old male SHRs (purchased from Shanghai Slac Laboratory Animal Co., Ltd.) were randomly divided into 3 groups and were administered losartan [losartan-treated SHRs (SHR-Los), 20 mg/kg/day, n=24], amlodipine [amlodipine-treated SHRs (SHR-Aml), 10 mg/kg/day, n=24] or saline (SHRs, n=24) by gavage for 6 weeks. Age-and gendermatched Wistar-Kyoto rats (WKYs, n=24) served as the normal control. Rats were housed 5/cage under controlled temperature (22±1˚C) and humidity (60%) conditions, and were exposed to a 12-h dark-light cycle. Standard food and tap water were supplied ad libitum. All experiments were approved by the Animal Ethics Committee of Fujian Medical University and performed in accordance with institutional guidelines.
Experimental protocol. Rats were followed up until week 46. Systolic blood pressure (SBP) was measured at weeks 4 and 10 and monthly after treatment was stopped. Cardiac, renal structure and function, circulating and local RAS components were repeatedly assessed at weeks 14, 30 and 46, with 8 rats sacrificed/group at each time point for analysis. Cardiac, renal Ang II type 1 receptor (AT 1 R) and type 2 receptor (AT 2 R) protein were determined at weeks 14 and 46. Cardiac brain natriuretic peptide (BNP) mRNA was determined at week 46.
Blood pressure determinations. SBP was measured noninvasively in unanesthetized rats by the tail-cuff method using a specialized pressure transducer (PowerLab ML125/R NIBP System; ADInstruments) as previously described (14) . SBP was determined when the cuff pressure corresponded to the restoration of the first caudal artery pulse. Three consecutive readings were averaged for each determination.
Evaluation of cardiac hypertrophy and fibrosis.
Under anesthesia with chloral hydrate (300 mg/100 g, i.p.), the animals were sacrificed and the hearts were removed and blotted dry, the left ventricle (LV) was carefully dissected and weighed, and the left ventricular mass index (LVMI) (LV weight/100 g body weight) was calculated to indicate cardiac hypertrophy. Then, the hearts were further incubated for 24 h in formalin, embedded in paraffin and cut into 4-µm sections for Sirius Red staining. Sections were carefully scanned with a light microscope (Olympus, Japan) connected to a computer using the Image Pro Plus 6.0 software for histomorphometry at a magnification of x100. The collagen volume fraction (CVF), an index of cardiac fibrosis, was determined as the percentage of the Sirius Red-stained area/total myocardial tissue area.
Echocardiography. Transthoracic echocardiography was performed on the animals in the left lateral decubitus position, after being anesthetized with chloral hydrate (300 mg/100 g, i.p.). A vivid 7 echocardiographic system (GE Healthcare, USA) with a 10-MHz transducer was used to obtain an M-mode echocardiogram from the long axis view of the LV. The left ventricular end-diastolic dimension (LVEDD), end-diastolic interventricular septum thickness (IVSTd) and left ventricular ejection fraction (LVEF) were measured following the guidelines of the American Society of Echocardiography (15) .
24-h urinary albumin and creatinine clearance rate. The 24-h urine excretion was collected in metabolic cages. These studies were performed during the same weeks as the echocardiography. Urinary albumin was measured by immnonephelometric analysis (BN-II analyzer; Dade Behring, Eschborn, Germany). Creatine in serum and urine were measured by the sarcosine oxidase enzymic method using an automatic Biochemistry Analyzer (AU2700; Olympus) to calculate the creatinine clearance rate (CCr) with the standard formula: CCr = (urinary creatinine x 24-h urine flow)/(serum creatinine x 1440) mg/min.
Renal histology. The kidneys were removed from the animals under pentobarbital sodium anesthesia, fixed in 4% formalin and embedded in paraffin. Central cross-sections of the whole kidney including the cortex and medulla were prepared for examination. The glomerulosclerosis index (GSI) was measured in 4-µm sections, stained with periodic acid Schiff. GSI was calculated in both superficial and juxtamedullary glomeruli for the whole interstitial area with a light microscope (Olympus) by a nephropathologist in a blinded manner using a cumulative semi-quantitative scoring as previously described (16) .
Plasma, renal cortex tissue and myocardium angiotensin Ⅱ (Ang II) and Aldo. The heart and renal cortex tissues were weighed (100 mg), boiled and homogenized by Polytron in 1 ml PBS, respectively. The homogenate was centrifuged at 3,500 rpm for 10 min. The tissue supernatant and plasma Ang II and Aldo levels were determined by radioimmunoassay using a commercially available kit (Beijing North Institute of Biological Technology, Beijing, China).
Western blot analysis for AT 1 R and AT 2 R proteins. Western blot analysis was performed as described by Xu et al (17) Briefly, LV tissue (10 mg) and renal cortex tissue (10 mg) were electrophoresed on SDS-polyacrylamide gels under reducing conditions, respectively. Proteins were transferred onto nitrocellulose membranes, blocked with 5% non-fat milk in TBS containing 0.05% Tween-20 (TBST) and then incubated with an anti-AT 1 R antibody (1:500, ab9391; Abcam), anti-AT 2 R antibody (1:800, ab19134; Abcam) or anti-actin antibody (1:1000, sc-1616; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. After 5 washes with TBST and 2 washes with TBS, the membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibody. Following another 2 washes with TBST, labeled proteins were visualized using ECL (sc-2048; Santa Cruz Biotechnology, Inc.) on high-performance chemiluminescence film. The intensity of the bands was quantified by densitometry with image analysis software. Results for AT 1 R and AT 2 R were expressed as a ratio of AT 1 R or AT 2 R over β-actin.
Quantification of cardiac BNP mRNA. Total RNA from ventricular tissue was isolated with TRIzol reagent (Invitrogen), and the concentration was determined by measuring the absorbance at 260 nm. The RNA was transcribed into cDNA using M-MLV reverse transcriptase (Promega) and amplified (Takara PCR Amplification kit) using primers (Table I ) specific to each gene of interest. The cycle profiles were programed as follows: initial 5-min denaturation at 95˚C followed by 35 cycles of denaturation at 95˚C for 30 sec, annealing at 59 or 55˚C (for BNP and GAPDH, respectively) for 30 sec and extension at 72˚C for 30 sec, with a final extension at 72˚C for 5 min. PCR products were analyzed by 1.5% agarose gel electrophoresis. The photodensity of amplified cDNA product bands was quantified by densitometry. The BNP mRNA abundance was defined as a ratio to GAPDH mRNA.
Statistical analysis.
All analyses were performed with SPSS software version 13.0 (Chicago, IL, USA). Continuous data are presented as the means ± standard deviation (SD). Differences between groups were compared by one-way analysis of variance, followed by LSD t-test for multiple comparisons. P<0.05 values were considered to indicate a statistically significant difference. For all tests, a two-tailed P-value <0.05 was considered to indicate a significant result.
Results
Systolic blood pressure. At week 10, the SBP in the untreated SHRs was significantly higher compared to that in the WKYs (SHRs vs. WKYs: 170±5 vs. 116±8 mmHg, P<0.05). Prehypertensive treatment with losatran and amlodipine equally reduced BP to a midway level between untreated SHRs and WKYs (SHR-Los vs. SHR-Aml: 126±6 vs. 124±7 mmHg; P>0.05). After drug withdrawal, the SBP in SHR-Los remained significantly lower compared to that in untreated SHRs until week 46 (P<0.05), whereas SBP gradually increased to untreated SHR levels in SHR-Aml from 30 weeks onwards (P>0.05) (Fig. 1) . There were no differences in SHR-Aml compared to untreated SHRs, whereas SHR-Los had a significantly attenuated glomerulosclerosis compared to both groups in 46-week-old animals. This pattern was most pronounced in juxtamedullary glomeruli (Fig. 3A and B) . (Fig. 4A and B) . The Ang II and Aldo of renal cortex tissue and myocardium in untreated SHRs were markedly higher compared to those in WKYs throughout the follow-up period. The myocardium Ang II and Aldo in SHR-Los were significantly decreased compared with untreated SHRs (P<0.05), whereas no significant difference of myocardium Ang II and Aldo was observed between the SHR-Aml and untreated SHR groups (P>0.05) (Fig. 4C and D) . The renal cortex tissue Ang II and Aldo in SHR-Los were significantly decreased compared with untreated SHRs (P<0.05), whereas no significant difference of renal cortex tissue Ang II and Aldo was observed between the SHR-Aml and untreated SHR groups (P>0.05) (Fig. 4E and F and Table IV) .
Evaluation of cardiac hypertrophy and fibrosis.
Western blot analysis for AT 1 R and AT 2 R proteins. At weeks 14 and 46, the cardiac AT 1 R protein expression in untreated SHRs was significantly higher compared to that in WKYs (P<0.05), and the reverse occurred for the AT 2 R protein (P<0.05) (Fig. 5) . The AT 1 R protein expression was downregulated while the AT 2 R protein was upregulated in the SHR-Los group as compared with untreated SHRs; no significant difference of the two protein levels was observed between the SHR-Aml and untreated SHR groups (P>0.05).
The renal AT 1 R and AT 2 R protein expression levels were similar to the results of the cardiac levels at weeks 14 and 46, and TGF-β 1 protein expression in untreated SHRs was significantly higher compared to that in WKYs (P<0.05). The renal TGF-β 1 protein expression was lower in SHR-Los as compared with untreated SHRs, and no significant difference of the two protein levels was observed between the SHR-Aml and untreated SHR group (Fig 6) .
Quantification of cardiac BNP mRNA. At week 46, the cardiac BNP mRNA expression in untreated SHRs was notably higher compared to that in WKYs (P<0.05), the cardiac BNP mRNA in SHR-Los was observably decreased as compared with untreated SHRs, but was still higher compared to that in WKYs (P<0.05) (Fig. 7) . In contrast, the cardiac BNP mRNA expression in SHR-Aml was slightly and significantly increased compared with untreated SHRs (P<0.05). 
Discussion
In the present study, we demonstrated that transient prehypertensive treatment with losartan was more effective than amlodipine in delaying a long-term blood pressure (BP) increase and ameliorating renal, cardiac structure and function, and that the mechanism responsible for losartan's superiority may be due to its permanent attenuation of both circulating and local renin-angiotensin systems (RAS). Our results demonstrated that although the antihypertensive effects were similar between the two therapeutic regimens during treatment, BP development differed significantly after drug withdrawal. BP in losartan-treated SHRs (SHR-Los) remained significantly lower compared to that in untreated SHRs until week 46, whereas BP in amlodipine-treated SHRs (SHR-Aml) returned to untreated SHR levels from 30 weeks onwards. This finding notably coincides with a previous study by Christensen et al (18) that SHR treatment with angiotensinconverting-enzyme inhibitor (ACEI) rather than β-blocker, vasodilator or calcium antagonist prevented BP increase after withdrawal of long-term treatment. Whether or not the ACEI or angiotensin-receptor blockers (ARB) had longer effects on BP reduction compared to other forms of therapies remains unclear. One possibility is related to the 'RAS block memory' via suppression of a 'reno-vascular amplifier' mechanism (19) (20) (21) . According to this hypothesis, during the critical period of hypertension development in juveniles, increased BP leads to vascular hypertrophy in the resistance vessels, which decreases glomerular perfusion and results in increased synthesis of renin and activation of RAS. These changes cause a further BP increase and initiate a positive feedback loop. RAS inhibitors may block this vicious cycle by attenuating the rise in BP and importantly, by decreasing the vascular hypertrophy. Other possibilities are that alterations in the central RAS, decreases in plasma AVP levels and alterations in endothelial function may be involved in the prolonged hypotensive effect (22) (23) (24) . Recently Baumann et al (25) demonstrated that a BP decrease after transient ARB is associated with an increased medullary blood flow and a reduced medullary pericyte number. These possibilities are not mutually exclusive, and it is possible that multiple mechanisms may be involved in the sustained suppression of BP. As to the prolonged pressure-lowering effects of amlodipine, BP development after drug withdrawal in our study was different from the result reported by Sevilla et al (26) . They indicated that treatments of adult SHRs with 8 and 20 mg/kg/day of amlodipine for six months yielded persistent hypotensive effects even at three months after drug withdrawal. A potential reason for this difference was that amlodipine treatment was administered too early and for a limited time period to reverse vascular hypertrophy and break the vicious cycle.
With respect to the effects on cardiac protection, our results demonstrated that prehypertensive treatment with losartan permanently reduced cardiac hypertrophy and fibrosis until week 46. Longitudinal echocardiographic evaluation revealed identical values of interventricular septum thickness (IVSTd) between SHR-Los and WKYs, and the left ventricular end-diastolic dimension (LVEDD) remained stable over the follow-up period. Besides these, the left ventricular ejection fraction (LVEF) and cardiac BNP mRNA expression were improved in SHR-Los compared with untreated SHRs at week 46. All the above changes suggest prolonged cardioprotective effects by losartan treatment. The mechanism to determine how transient prehypertensive treatment with losartan exerts sustained cardiac protection is required. Previous studies have mainly explained the mechanism through the reduction of gene expression of cardiac Ang II type 1 receptor (AT 1 R) (10) or plasma Ang II concentration (27) and not by a BP decrease alone. In our study, we measured the circulating and local angiotensin Ⅱ and Aldo levels by radioimmunoassay and discovered that, besides the suppressant effects on circulating RAS (at week 14, the plasma Ang II was elevated via negative feedback regulation), the cardiac RAS was also significantly inhibited, which has been proven to be involved in the pathogenesis of cardiac hypertrophy and fibrosis (28, 29) . Furthermore, western blot analysis detected a favorably altered AT 1 R/AT 2 R balance with losartan treatment, which consisted of downregulated cardiac AT 1 R protein but upregulated AT 2 R protein. Although how low levels of local Ang II act on high levels of AT 2 R to (10) the SBP in our study remained lower compared to the untreated SHRs during the experimental period; thus, it cannot be precluded that the beneficial effects of losartan treatment is related to a BP decrease alone. Noteworthy, the LVMI in amlodipine-treated SHR was similar to that in untreated SHRs at weeks 14 and 46, but was significantly decreased at week 30. The possible reason for this phenomenon is that the cardiac hypertrophy of SHRs is fully established between week 14 and 30 (30) , and amlodipine treatment causes hypertrophy regression via its residual pressure reduction during this period and the antihypertrophy action tapers with the disappearance of antihypertensive effects from 30 weeks onwards. Unexpectedly, the SHR-Aml exhibited no difference in CVF from untreated SHRs at weeks 14 and 30, but an observably higher value compared to the untreated SHRs at week 46. Moreover, the echocardiography displayed enlarged LVEDD and declined EF at the end of follow-up, and RT-PCR assay detected a slightly and significantly increased expression of BNP mRNA. These results implied a detrimental effect of amlodipine treatment, which we speculated may be related to the negative inotropic effects of amlodipine since the plasma and myocardium Ang Ⅱ and Aldo levels were comparable between SHR-Aml and untreated SHRs at week 46. Our speculation contradicted the commonly accepted properties of amlodipine of insignificant negative inotropic effects (31) . The specific intervention period or inappropriate dose of amlodipine in our study may be responsible for this discrepancy, yet a detailed mechanism needs to be further investigated.
Circulating RAS regulates physiological responses, whereas the local RAS is activated during tissue injury and contributes to pathological processes, including cell proliferation/apoptosis, fibrosis and inflammation. Ang II is one key factor in the development of renal fibrosis. In this study, our data demonstrated that transient prehypertensive treatment with losartan reduces Ang II and Aldo concentrations both in plasma and renal tissue, upregulates AT 2 R protein expression while downregulating AT 1 R protein expression. It revealed that transient prehypertensive treatment with losartan may maintain the circulating and local RAS in a low-activity state. Furthermore, AT 2 R upregulation in SHR-Los inhibits progress of glomerulosclerosis, supporting key effects of AT 1 R/AT 2 R balance in fibrotic states. Although regulation of the expression of the AT 2 R is poorly understood, previous studies have proven the AT 2 R actions contribute to ARB effects in the kidney (32) .
In summary, our results suggest that transient AT 1 R blockade in young SHRs is superior to the calcium antagonist on delaying long-term BP rise and ameliorating cardiac, renal structure and function, which corroborated the effectiveness and feasibility of an RAS inhibitor for prehypertensive treatment demonstrated by TROPHY and PHARAO trials. However, the superiority of ARB over a calcium channel blocker (CCB) observed in animal experiments should be cautiously interpreted when translated into clinical settings, since the prehypertensive condition of human beings is far more complicated (e.g., strain difference, attendant obesity, dyslipidemia or impaired glucose tolerance) as compared with SHRs. Moreover, since the recently published trial of DHYPP demonstrated that one year of candesartan treatment in subjects with high familial risk of future hypertension had no persistent effect on BP when treatment was discontinued (33) , further studies to explore how to 'apply' the prolonged cardioprotective effects observed in animals to human beings is required. Nevertheless, our data have important clinical implications that ARB may be a better choice compared with CCB for hypertension prevention and cardiac protection.
